study hypothesis: Region-specific transcriptional profiling of tissues and cultured epithelial cells from the human epididymis will predict functional specialization along the duct. study finding: We identified the molecular signature driving functions of the caput, corpus and cauda epithelium, and determined how these differ to establish the regional differentiation of the organ.
Introduction
The epithelial layer lining the epididymis has region-specific properties, with substantial functional diversity in the caput (head), corpus (body) and cauda (tail) . Each of these segments has a specific role in ensuring that spermatozoa acquire full motility and fertility. Processes within the caput and corpus coordinate early and late sperm maturation, respectively, while the cauda provides a storage location for the mature male gametes. These functions are well studied in rodents (Turner et al., 2003) or large animal models (Guyonnet et al., 2009) but are less well characterized in humans. Epithelial cells within each region of the epididymis have a unique transcriptome and distinct functions (Turner et al., 2003; Cornwall, 2009) . The different gene expression patterns along the epididymis are established and maintained by specific transcription factor (TF) networks that coordinate region-specific functions. The sequential changes in the epididymis luminal environment, which are critical for sperm maturation, depend on the expression of a broad spectrum of genes including cell structural proteins, ion channels and transporters and secreted proteins. Region-specific gene expression in the mouse, rat and pig epididymis was shown by microarray analysis of RNA extracted from intact tissue (Jervis and Robaire, 2001; Johnston et al., 2005; Guyonnet et al., 2009) . Similarly, the transcriptome of human epididymis tissue segments was investigated by microarrays (Zhang et al., 2006; Dube et al., 2007; Thimon et al., 2007) and showed many differences from the rodent profiles. We recently reported a protocol for the culture of epithelial cells derived from the human epididymis and demonstrated their differentiated function by expression of specific proteins and robust trans-epithelial resistance (Leir et al., 2015) . In order to reveal the gene expression repertoire of caput, corpus and cauda epithelial cells, we performed RNA sequencing (RNA-seq) analysis of cultured cells. Moreover, gene expression was compared between intact tissue and cultured cells derived from caput and cauda. These data enhance our understanding of the molecular basis for regional differences in epididymis function and provide a framework for novel experimental approaches to characterize the role of the epididymis in human sperm maturation.
Materials and Methods

Preparation of primary cultures
Human epididymis tissue was obtained with Institutional Review Board approval from four patients (UC05, UC06, UC08, UC09, range: 22 -36 years) undergoing inguinal radical orchiectomy for a clinical diagnosis of testicular cancer. Each patient gave informed consent for use of their tissue samples. No patients were taking hormones or drugs with androgenic effects. None of the epididymides had extension of the testicular cancer and all were freshly placed into normal saline until further processing within 2-5 h after surgery. Caput, corpus and cauda tissue were dissected as described previously (Dacheux et al., 2006) . Adult human epididymis epithelial (HEE) cultures were established using methods described previously (Leir et al., 2015) . The culture media did not contain any additional androgens.
RNA sequencing
Epididymal tissue was placed in Hanks' balances salt solution and fat and connective tissue were removed. The three anatomical regions: caput, corpus and cauda, were separated and segments of each snap frozen in liquid nitrogen. RNA was extracted using Trizol (Life Technologies, LT) as per the manufacturers protocol. RNA quality was confirmed by Nanodrop measurement of OD 260/280 and 260/230 ratios and the RNA was stored at 2808C under ethanol. RNA-seq libraries were prepared using the TruSeq RNA Sample Preparation Kit v2 as per the manufacturer's Low-Throughput protocol (Illumina). The libraries were sequenced on Illumina HiSeq2500 machines. Data were analyzed using TopHat and Cufflinks (Trapnell et al., 2012) . All data are deposited at GEO: (http://www.ncbi.nlm.nih.gov/geo/GSE72986). Gene ontology process enrichment analysis (Huang da et al., 2009 ) was performed to identify statistically significant biological processes associated with the DEGs (as shown by both P-value and false discovery rate, FDR).
Quantitative reverse transcription -PCR
Reverse transcription and quantitative PCR (RT-qPCR) was performed by standard protocols. Briefly, cDNA was synthesized using a TaqMan Reverse Transcription kit (Applied Biosystems) with random hexamers, and qPCR experiments were carried out with SYBR Green master mixes. The sequences of the primer pairs specific for each target gene are listed in Supplementary data, Table SXII and expression was normalized to b2-microglobulin (b2M).
Immunocytochemistry
Primary adult HEEs were grown to confluence on 12 mm circular glass coverslips and fixed with 3% paraformaldehyde for 15 min. The cells were then permeabilized with 0.1% Triton X-100 for 15 min, followed by blocking in 1% bovine serum albumin for 30 min prior to immunocytochemistry. Antibodies against aquaporin 1 (AQP1) (OWL ID 33651), Kir5.1 (OWL ID 33663), NBCn1 (OWL ID 33579) and MMP7 (OWL ID 2960) were purchased from One World Lab, San Diego and N-cadherin antibody (sc-59987) was from Santa Cruz Biotechnology. Alexa Fluor 488-conjugated anti-rabbit IgG or Alexa Fluor 549 conjugated anti-mouse IgG (Jackson Immunoresearch) were used as the secondary antibody. Cells were counterstained with 6-diamidino-2-phenylindole (DAPI) (LT) and mounted using FluorSave (Calbiochem). Samples were then analyzed using a Leica DMR microscope.
Results
RNA-seq was performed on libraries generated from caput, corpus and cauda-derived cultured cells at passage 2 or 3, from four donors and caput, corpus and cauda tissue from two of the same donors. These libraries generated 1.9-3.9 × 10 7 reads per library from the cells (95-99% mapping to the genome) and 1.4-3.9 × 10 7 from the tissue samples (84-99% mapped) (Supplementary data, (Bingle and Craven, 2002) , and microseminoprotein, beta-(MSMB), a member of the immunoglobulin binding factor family with inhibin-like activity, that is known to be secreted into seminal plasma by the prostate epithelium (Lilja and Abrahamsson, 1988) . Among the more than 1600 DEGs between caput and corpus/cauda are many that are relevant to the specific functions of the caput. These include FXYD domain containing ion transport regulator 2 (FXYD2), which encodes the sodium/potassium transporting ATPase subunit gamma, a critical regulator of epithelial ion transport and solute carrier family 34 (Type II sodium/phosphate cotransporter) member 2 (SLC34A2), which is a pH-sensitive sodium-dependent phosphate cotransporter.
Next, the DEGs for each comparison (caput and corpus/cauda) were analyzed using a gene ontology process enrichment analysis DAVID (Huang da et al., 2009 ) and the top 20 most enriched processes are shown in Table I (caput enriched) and Table II (corpus/cauda enriched). Statistical significance is shown by both P-value and false discovery rate value (FDR). The full analyses are shown in Supplementary data, Tables SIV and SV. Among highly significant caput over-represented processes are response to hormone stimulus (GO:0048545, GO:0009625), which includes many critical cellular hormone receptors. Other enriched processes with very significant P-values are plasma membrane (GO:0005886, GO:0004459), which encompasses many proteins involved in ion transport and ion exchange across the epididymis cells.
Also of interest are processes of urogenital system development (GO:0001655 and G0:0001822). In contrast, over-represented processes in the corpus/cauda include response to wounding (GO:0009611), defense response (GO:0006952 and GO:0006955, both innate and acquired immunity) and the response to viruses (GO:0009615). Processes of apoptosis are also significantly over-represented in the corpus/cauda (GO:0042981, GO:0043067, GO:0010941). Several processes are over-represented in both Tables I and II, such as extracellular region (GO:0044421) and extracellular matrix (ECM) (GO:0031012), which include many collagens and adhesion molecules, which show diverse expression profiles in the caput and corpus/cauda.
Next, we examined in more detail the significant processes identified by the DAVID analysis to extract data of specific relevance to epididymis epithelial function (Tables III -VIII, and Supplementary data, Tables SIV -SVIII, which show FPKM values for individual genes). Since the DAVID bioinformatics resource is not current, we also used g:Profiler (Reimand et al., 2007) to validate the DAVID gene ontology analysis results. Genes that were more highly expressed in caput cells than in corpus and cauda were submitted to the gProfiler analysis tool, and out of the 20 most significant terms identified by DAVID, 17 were also identified with g:Profiler (not shown). Also the region-specific distribution of individual genes was confirmed by RT-qPCR (Fig. 1) .
Gene transcripts and processes over-represented in caput cells in comparison to corpus/cauda cells Ion and solute transport One of the critical functions of the epididymis epithelium, particularly in the caput, is the maintenance of an appropriate luminal environment for normal sperm maturation. The luminal fluid is controlled by a complex network of apical anion channels, (including CFTR), associated chloride: bicarbonate exchangers, cation channels (including potassium channels and basolateral sodium:potassium:chloride exchangers) and AQPs. Many of these proteins were more abundant in the caput than the corpus/cauda (Table III) . These observations were verified in cells from a different tissue donor, by RT-qPCR (Fig. 1) . AQP1, solute carrier family 4, sodium bicarbonate cotransporter, member 7 (SLC4A7) and potassium inwardly rectifying channel, subfamily J, member 16 (KCNJ16) were all shown to be more abundantly expressed in caput cells (Fig. 1) as was carbonic anhydrase XII (CA12) a driver of cellular bicarbonate secretion. Potassium voltage-gated channel, KQT-like subfamily, member 1 (KCNQ1) provided a control for a gene that is uniformly expressed along the epididymis (Fig. 1) . The localization within caput cells of AQP1, NBCn1 and Kir5.1 proteins (encoded by the AQP1, SLC4A7 and KCNJ16 genes, respectively) was also shown by immunofluorescence (Fig. 2) .
Response to hormone stimulus Several processes that are highly over-represented in caput cells involve response to hormone stimulus, including both steroid hormones (FDR ¼ 7.84 × 10
25
) and all hormones (FDR ¼ 0.0013). Inspection of the genes contributing to these processes (Table IV) revealed a number of relevant hormone receptor genes including the androgen receptor (AR), the estrogen receptor (ESR) and the glucagon receptor (GCGR). In addition, one of the most abundant transcripts in caput epithelial cells was that encoded by the secreted phosphoprotein 1 (SPP1) gene also known as osteopontin, which is known to be androgen regulated (Luedtke et al., 2002) . SPP1 probably has a role in removing minerals from the epididymis fluid, consistent with its role in the kidney (Shiraga et al., 1992) . Serpin peptidase inhibitor clade A (alpha-1 antiproteinase, antitrypsin), Member 1 (SERPINA1), also named alpha-1-antitrypsin, was also particularly highly expressed in caput cells, as were the solute carrier family 34 (Type II sodium/phosphate co-transporter), member 2 (SLC34A2), which encodes a pH-sensitive sodium-dependent phosphate transporter (Xu et al., 1999) and chemokine (C-C) motif ligand 2 (CCL2).
Urogenital tract development
To examine further the identification of urogenital track development processes among the caput-enriched processes, we sorted the DEG list according to previous data on their role in kidney development (Chai et al., 2013; Marcotte et al., 2014) (Table V) . Of particular note were the paired-box TFs paired box 2(PAX2), consistent with our previous observations of the over-representation of PAX2-binding sites in open chromatin from epididymis cells (Bischof et al., 2013; Browne et al., 2014) enriched TFs are considered further below in the context of the regionspecific epididymis transcriptional network.
Gene transcripts and processes over-represented in corpus/cauda cells in comparison to caput cells
Defense response Over-represented within the corpus/cauda-specific genes are multiple components of the innate and acquired immune responses to a wide spectrum of agents, including bacteria and viruses. A subset of genes that are involved in innate immunity are shown in Table VI to illustrate the marked distribution of these transcripts within different regions of the epididymis. Of particular note were the toll-like receptors (TLRs), cell surface receptor TLR2 and the endosomal receptor TLR3, which recognize bacterial and viral motifs, respectively (West et al., 2006) . Also over-represented were interleukin and antibacterial peptide genes such as S100 calcium binding protein (S100A7, A8 and A9), that encode peptides inhibiting bacterial adhesion cell division at the mucosal surface (Moncrief et al., 1990) , and indoleamine 2,3-dioxygenase 1 (IDO1). IDO1 has a role in epididymis immune tolerance toward sperm and also causes immunosuppression to prevent inflammation of the epididymis (Jrad-Lamine et al., 2013). The DEAD (Asp-Glu-Ala-Asp) box polypeptide 58 (DDX58), which plays a major role in sensing viral nucleic acids during infection, was also differentially expressed in corpus/cauda. Higher expression of the S100A8 and A9 genes in the corpus/cauda, was confirmed by RT-qPCR (Fig. 1) . Several defensins, including DEF4A/4B and DEFB1, which are also critical components of the innate immune response, were abundantly expressed in caput, corpus and cauda cells, and did not show regional localization. Human epididymis epithelial cell transcriptomes
Apoptosis
Multiple processes related to apoptosis were also enriched in corpus and cauda cells. As an example of many similar processes, genes contributing to the GO:0042981 processes (regulation of apoptosis) are shown in Supplementary data, Table SVI. These include both positive and negative regulators of apoptosis of multiple different classes.
Processes showing enrichment in both caput and corpus/cauda through different DEGs
Several gene ontology processes showed highly significant representation in both caput and corpus/cauda cells as a result of a marked regional distribution of gene expression. Examples include genes involved in processes of adhesion, cell junctions and ECM. were much more abundant on caput cells. Among the collagens, it is of note that those more abundant in caput cells are primarily non-fibrillar, while the fibrillar collagens, such as those encoded by COL1A1 and COL5A1, were over-expressed in corpus and cauda cells. Regional expression of claudin 2 (CLDN2), cadherin 2, type 1, N-cadherin (CDH2) and cadherin 16, KSP-cadherin (CDH16), collagen, type I, alpha 1 and 2 (COL1A1/2) was confirmed by RT-qPCR ( Fig. 1) and N-cadherin protein expression was shown by immunofluorescence in Fig. 2 . Among cell-junction proteins, many of which also have a role in cell adhesion, both gap junction proteins and nectins showed a very different distribution along the epididymis (Table VIII) . Gap junction protein alpha 1 (GJA1) was most abundant in caput cells, while gap junction proteins beta 3 and 5 (GJB3/5) were more highly expressed in corpus and cauda cells. mucins and an extensive group of more than 80 other ECM proteins that are caput enriched and a further 95 that are enriched in corpus/cauda. The caput-enriched expression of matrix metallopeptidase 7 (MMP7) and the corpus/cauda-enriched expression of COL1A1/A2 were confirmed by RT-qPCR (Fig. 1) . Localization of MMP7 in caput cells was shown by immunofluorescence in Fig. 2 .
Adhesion and cell junctions
Cell matrix
Regional distribution of TFs in caput, corpus and cauda
The extensive differences between gene expression patterns in the caput, corpus and cauda cells led us to examine the network of TFs that might be driving this regional distribution. To identify TFs and chromatin modifying factors among the DEGs, we intersected this list with the factors included in the Dharmacon human siRNA libraries for TFs. The left panel shows genes that are more highly expressed in caput and the right those in corpus and cauda. NuRD histone deacetylase complex. An earlier name for SALL1 was Epididymis Secretory Protein Li 89 and mutations in this TF are associated with two inherited disorders, Townes-Brocks syndrome (TBS) (Kohlhase et al., 1998) and branchio-oto-renal syndrome (BOR) (Engels et al., 2000) , both developmental defects which affect multiple organ systems including the anus (TBS) and the kidneys (BOR). Among TFs that were more abundant in corpus and cauda, several are relevant to epididymis function. These include, Ovo-like zinc finger (OVOL1), paired-like homeodomain 2, bicoid class of homeodomain transcription factors (PITX2), activating transcription factor 3 (ATF3), T-Box-3 (TBX3), GATA3 and the nuclear receptors retinoid acid receptor g (RARG) and retinoid X receptor a (RXRA).
OVOL1 is critical for normal spermatogenesis: Ovol1 2/2 male mice have greatly decreased sperm production and male fertility (Dai et al., 1998) and this factor has a role in the pachytene progression of male germ cells (Li et al., 2005) . Our data suggest an important role in epididymis function. PITX2 regulates procollagen lysyl hydroxylase gene expression and is involved in development of eye, teeth and abdominal organs. Mutations in PITX2 are associated with reproductive system abnormalities in mice (http://www.informatics.jax.org) and Axenfeld-Rieger syndrome (Priston et al., 2001) . Mutations in ATF3 are associated with hypospadias (displacement of the urethral opening) (Beleza-Meireles et al., 2008) , those in TBX3 are found in several phenotypes of abnormal genital development (Packham and Brook, 2003) and GATA3 mutations may cause renal failure (Van Esch et al., 2000) . The nuclear receptors RARG and RXRA dimerize in response to retinoid acid (RA) binding, and occupy RA response elements to regulate RA responsive genes. RARA mutant mice are either infertile or have reduced fertility due to genital duct obstruction (Costa et al., 1997) and our data suggest that this process may also have a role in regional function of the human epididymis epithelium.
Comparison of regional gene expression profiles of epididymis tissues and epithelial cells derived from them
The epithelium lining the epididymis has a pivotal role in sperm maturation, however, in the intact organ it receives many signals from the adjacent tissues. To investigate the additional cell types and functions in the caput, corpus and cauda, we performed RNA-seq on whole tissue from each region. Tissues were from two of the same donors that were used to derive epithelial cell cultures. DEGs between primary cells and intact tissues in each region are shown in Supplementary data, Table SX and indicate quite distinct profiles. There are more than 6000 DEGs between cells and tissues in both caput and corpus regions, and 3000 DEGs in cauda. Inspection of the DEGs using a gene ontology process enrichment analysis by DAVID confirms the different cellular composition in the tissue samples (Table X) The left panel shows genes that are more highly expressed in caput and the right those in corpus and cauda.
which are abundant in connective tissue fibroblasts. These include collagens, matrix metallopeptidase (MMPs) and members of ADAMTS (A Disintegrin And Metalloproteinase with Thrombospondin Motifs) family, all of which are important for the formation and maintenance of the ECM. Gene transcripts that were highly expressed in caput and corpus tissues, though not in the epithelial cells from those regions, include many sperm-specific transcripts, such as several sperm-associated antigen (SPAG) genes and spermatogenesis-associated (SPATA) genes. These data likely reflect the spermatozoa captured in the epididymis at the time of tissue collection. Perhaps unexpectedly, enrichment of sperm-associated gene transcripts was not evident in the cauda tissue, despite the fact that mature sperm may be stored at this site. Also notable among tissue-enriched genes in the caput only, were many involved in the defense response to bacteria. The antimicrobial peptides defensins are a significant contributor to this process, however their cellular origin in the human caput is currently uncharacterized. Although epithelia are one of the main sources of defensins in other organ sites, this may not be the case in the epididymis, where sperm-derived defensins may play a prominent role (Shimizu et al., 2008) . The reverse comparison looking for DEGs that were more abundant in primary epithelial cell cultures than in the tissues they were derived from predictably identified genes encoding many cell junction proteins and genes involved in cell cycle regulation (data not shown).
Discussion
Understanding the molecular basis of epididymis function is critical to the generation of novel approaches to alleviate phenotypes of male infertility.
Investigating individual cells types in the intact organ would provide the most accurate functional characterization of each part of the epididymis. However, it is not possible with current methodologies to obtain sufficient numbers of defined cell populations to perform many genome-wide analyses. To circumvent this limitation, we established differentiated epithelial cell cultures from the human epididymis. Here we describe an in depth analysis of the gene expression repertoire of primary cultures of epithelial cells and intact tissues from each region of the adult human epididymis. We identify the molecular signature driving functions of the caput, corpus and cauda epithelium and determine how these differ to establish the regional differentiation of the organ. The deep sequencing methodologies used here provide data at an unprecedented level of detail and accuracy. Moreover, by including samples from multiple epididymis donors, we are able to account for the considerable individual variation of transcriptomes.
The transcriptional profile of human epididymis tissues, although not cultured epithelial cells, was previously characterized by microarray analysis (Thimon et al., 2007) . Those data showed that 1839 genes were differentially expressed between caput and corpus tissue, 1265 between caput and cauda and only 201 between corpus and cauda. Consistent with these microarray results, our RNA-seq data identify few genes that are differentially expressed between the corpus and cauda, while there are many DEGs between these regions and the caput. A comparison of the DEG list between the RNA-seq and microarray analysis of tissue samples shows some similarity. Out of the 30 genes that are up-regulated in caput with a ratio caput/corpus . 10 in the microarray analysis, 21 were also identified by RNA-seq. Moreover, gene ontology pathway analysis of the microarray data coincided with some aspects of our RNA-seq analysis in identifying processes of cell adhesion, which were differentially expressed in the regions of the epididymis. However, probably due to the greatly increased molecular resolution provided by the deep sequencing technology, the RNA-seq dataset revealed many additional DEGs and GO processes that diverged significantly in the caput and corpus/cauda.
The transcriptomes of cultured epithelial cells from the different regions of the epididymis reveal important functions of the organ. Aspects of epididymis biology that are directly relevant to the normal properties of spermatozoa are largely focused in processes enriched in the caput segment. Sperm maturation is intimately dependent on the luminal environment, which requires the coordinated expression of many genes encoding proteins with a role in epithelial transport.
Our data show several cation, anion and solute transport-related processes that are predominant in caput epithelial cells. Potassium transport. High luminal potassium levels in the epididymis were shown to inhibit sperm motility to maintain quiescence during storage and maturation (Wong and Lee, 1983) . Potassium channels and transporters within both the epididymis and sperm (such as Na,K-ATPase a4 (Jimenez et al., 2011) ) likely contribute to the luminal potassium concentration. Multiple genes encoding potassium channels are differently expressed in caput cells including the inwardly rectifying KCNJ15/16 (encoding Kir4.2 and Kir5.1, respectively). In renal tubular epithelium, Kir5.1 forms heteromeric potassium channels with Kir4.1 (encoded by the KCNJ10 gene), which are sensitive to intracellular pH (pHi) and inhibited by acidification (Tanemoto et al., 2000; Tucker et al., 2000) . Another critical potassium channel gene, which is expressed in all regions of the epididymis epithelium, is the voltage-gated KCNQ1 (encoding Kv7.1). In intestinal crypt cells, Kv7.1 together with KCNE3 form a potassium channel that is required for cAMP-stimulated intestinal chloride secretion (Schroeder et al., 2000) . Chloride and bicarbonate transport. CFTR has a pivotal role in mediating both chloride and bicarbonate transport across the epididymal epithelium (Harris and Coleman, 1989; Leung et al., 1996; Chan et al., 1996) and it is differentially expressed in caput cells. A similar expression pattern is evident for the SLC4A4 and SLC4A7 genes, which encode an electrogenic (NBCe1) and an electroneutral (NBCn1) sodium-dependent bicarbonate transporter, respectively. Together with CFTR, these transporters may facilitate a low-bicarbonate and acidic environment in the caput lumen, which is critical for sperm maturation and quiescence prior to ejaculation (reviewed by Liu et al., 2012) . Again parallels may be drawn with the function of these transporters in the kidney, where NBCn1 has an important role in pHi regulation in renal intercalated cells (Yip et al., 2002) . Water channels. Although the epithelium lining the efferent ducts reabsorbs much of the testicular fluid, water continues to be removed from the epididymal lumen (Levine and Marsh, 1971) . It is probable that epithelial AQPs play a central role in this process (Hermo and Smith, 2011) hence it was of interest to find AQP9 uniformly expressed along the epididymis while AQP1 expression was limited to the caput epithelium. AQP1 and AQP9 were also identified in previous microarray analyses of whole epididymis human tissue (Zhang et al., 2006; Thimon et al., 2007; Dube et al., 2007) .
Also predominant in caput epithelial cells are genes involved in urogenital tract development. Our observation that the genes encoding PAX2 and PAX8 are among the caput DEGs, which was confirmed by western blot (data not shown), are of interest since these two TFs are also central regulators of kidney development (Torres et al., 1995; Bouchard et al., 2002) . HNF1b, which is abundant in the caput DEGs, is also important for kidney development, as highlighted by urogenital tract abnormalities in both kidney-specific HNF1b knockout mice (Igarashi et al., 2005) humans with HNF1b mutations (Bellanne-Chantelot et al., 2004) . Also important for kidney development, is GREM1, which inhibits BMP4 expression to facilitate initiation of ureteric bud outgrowth and invasion of the mesenchyme (Michos et al., 2007) . The detection of DAZ (Deleted in Azospermia)-interacting zinc finger protein 1 (DAZIP1) as a caput-specific DEG is of interest as DAZ genes are important in normal human spermatogenesis (Reijo et al., 1995) .
Another notable feature revealed by comparative analysis of the transcriptomes of epithelial cells from the caput, corpus and cauda, is the regional distribution of component of innate immunity. Consistent with the ascending nature of epididymitis, multiple components of the innate immune response are more highly expressed in the corpus/ cauda. However, other factors such as specific defensins are abundant throughout the epididymis epithelium, suggesting they may have a constitutive role in monitoring epididymis health.
In conclusion, we provide a comprehensive molecular atlas of the epididymis and its epithelium, which will be valuable to decipher processes of normal epididymis function and aspects of epididymis disease that cause male infertility and other phenotypes.
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Supplementary data are available at http://molehr.oxfordjournals.org/.
